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SYSTEMS AND METHODS OF
COMPENSATING FOR FREQUENCY
OFEFSETS IN OPTICAL COMMUNICATIONS

FIELD

This disclosure relates generally to the field of commu-
nication using laser light transmission.

BACKGROUND

Contemporary optical communications and other pho-
tonic systems make extensive use of photonic integrated
circuits that are advantageously mass-produced in various
confligurations for various purposes.

SUMMARY

In part, in one aspect, the disclosure relates to a system for
compensating a frequency shift of an optical communication
signal. The system may include a tunable receiver laser, a
coherent optical receiver configured to receirve the optical
communication signal, a laser tracking system configured to
generate a laser tuning signal configured to adjust the optical
output of the tunable receiver laser, and a controller that
includes a processor and a memory unit. The coherent
optical recerver may be configured to demodulate the optical
communication signal based on an optical output of the
tunable recerver laser. The memory unit may further include
instructions that, when executed by the controller, cause the
controller to receive the amplifier output, calculate a fre-
quency spectrum of the amplifier output, and determine an
oflset of a frequency of the optical communication signal
from a first frequency of the optical output.

In many embodiments, the optical communication signal
1s transmitted from a communication satellite. In some
embodiments, the trans-impedance amplifier Tfurther
includes a power monitor configured to generate a power
level based on the demodulated signal. In various embodi-
ments, the laser tracking system 1s configured to generate the
laser tuning signal when a value of the power level 1s less
than or equal to a threshold. In some embodiments, the
tuning signal 1s configured to adjust the optical output 1n a
step-wise manner.

In various embodiments, the laser tracking system 1s
configured to generate the laser tuning signal based on a
spectral centroid of the frequency spectrum of the amplifier
output when a value of the power level i1s greater than a
threshold. In some embodiments, the tuning signal 1s con-
figured to adjust the optical output within a range of about
5 GHz to about 10 GHz. In some embodiments, the memory
unit may further include instructions that, when executed by
the controller, cause the controller to calculate the frequency
spectrum of the amplifier output based on a Fast Fourier
Transform algorithm. In various embodiments, the ire-
quency shift of the received optical communication signal 1s
a Doppler shift. In many embodiments, the first frequency of
the tunable receiver laser 1s a spectral centroid frequency.

In part, 1n one aspect, the disclosure relates to a method
for compensating a frequency shiit of a recerved optical
communication signal. The method may include receiving,
by a coherent optical receiver, the optical communication
signal, demodulating, by the coherent optical recerver, the
optical communication signal based on an optical output of
a tunable receiver laser, thereby generating a demodulated
signal, generating, by a trans-impedance amplifier, an ampli-
fier output based on the demodulated signal from the coher-
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ent optical receiver, generating, by a laser tracking system,
a laser tuning signal, adjusting, by the laser tracking system,

the optical output based on the laser tuning signal, receiving,
by a controller, the amplifier output, calculating, by the
controller, a frequency spectrum of the amplifier output, and
determining, by the controller, an offset of a frequency of the
optical communication signal from a first frequency of the
tunable receiver laser.

In various embodiments, the method may include adjust-
ing, by the laser tracking system, the optical output over a
range ol an optical communication band. In some embodi-
ments, adjusting the optical output over a range of an optical
communication band may include adjusting the optical
output over a range of an optical communication C band, an
optical communication O band, or an optical communication
L. band. In some embodiments, the method may include
generating, by a power monitor, a power level based on the
demodulated signal. In various embodiments, generating the
laser tuning signal may include generating a tuning signal
based when a value of the power level is less than or equal
to a threshold. In some embodiments, adjusting, by the laser
tracking system, the optical output, may include adjusting
the optical output 1n a step-wise manner.

In various embodiments, generating the laser tuning sig-
nal may include generating a laser tuning signal based on a
spectral centroid of the frequency spectrum of the amplifier
output when a value of the power level 1s greater than a
threshold. In some embodiments, adjusting the first fre-
quency of the tunable receiver laser, may include adjusting
the optical output within a range of about 5 GHz to about 10
GHz. In various embodiments, the method may include
calculating, by the controller, the frequency spectrum of the
amplifier output based on a Fast Fourier Transform algo-
rithm. In many embodiments, the method mat include main-
taining, by the laser tracking system, the first frequency of
the tunable receiver laser at a predetermined value when a
spectral centroid of the frequency spectrum of the amplifier
output 1s within a predetermined range.

Although, the disclosure relates to different aspects and
embodiments, it 15 understood that the different aspects and
embodiments disclosed herein can be integrated, combined,
or used together as a combination system, or in part, as
separate components, devices, and systems, as appropriate.
Thus, each embodiment disclosed herein can be incorpo-
rated 1n each of the aspects to varying degrees as appropriate
for a given implementation. Further, the various apparatus,
optical elements, coatings, layers, optical paths, waveguides,
splitters, couplers, combiners, electro-optical devices,
inputs, outputs, ports, channels, components and parts of the
foregoing disclosed herein can be used with any laser,
laser-based communication system, waveguide, fiber, trans-
mitter, transceiver, receiver, and other devices and systems
without limitation.

These and other features of the applicant’s teachings are
set forth herein.

BRIEF DESCRIPTION OF THE FIGURES

Unless specified otherwise, the accompanying drawings
illustrate aspects of the mnnovations described herein. Refer-
ring to the drawings, wherein like numerals refer to like
parts throughout the several views and this specification,
several embodiments of presently disclosed principles are
illustrated by way of example, and not by way of limitation.
The drawings are not intended to be to scale. A more
complete understanding of the disclosure may be realized by
reference to the accompanying drawings in which:
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FIG. 1 1s a graph of a Doppler shift of an optical signal
according to an exemplary embodiment of the disclosure.

FIG. 2 1s block diagram of components and a method for
demodulating a received optical communication signal
according to an exemplary embodiment of the disclosure.

FI1G. 3 15 a block diagram of components and a method to
generate a control signal of a scanning demodulation laser
according to an exemplary embodiment of the disclosure.

FIGS. 4A through 4E are diagrams depicting a shift in
frequency of a demodulation laser to align with a central
frequency of a received optical signal according to an
exemplary embodiment of the disclosure.

DETAILED DESCRIPTION

In space, the communication between satellites can use
different technologies, such as free space optical communi-
cation systems. These systems can be based on coherent
optical modules.

Coherent modules require to have a receiver laser set at an
optical frequency close enough to the central frequency of
the received optical signal. The recerver laser 1s used as a
local oscillator to down convert the received optical signal
into the electrical base band. The spectral centroid frequency
of the receiver laser may not be perfectly aligned with the
central frequency of the received optical signal, leading to a
so called “Ifrequency offset” impacting the reception quality
of the optical signal. A digital signal processing (IDSP) unit
may be used to correct for the frequency ofiset within a
certain frequency range.

In space, due to the relative displacement of the satellites,
the transmitted optical signal can be impacted by an optical
Doppler shift resulting 1n a translation 1n frequency, that is,
a Ifrequency oflset of the optical signal that can vary over
time at the receiver. This frequency oflset can be significant
depending on the amount of Doppler shift—that 1s, change
in frequency due to the relative speed between satellites—
exceeding the DSP frequency compensation range and the
receiver electrical bandwidth. This issue can aflect the
receiver performance. In some aspects, 1f the demodulated
receive optical signal 1s completely out of the receiver
bandwidth, the system may not be able to recover the
transmitted signal. In part, the disclosure 1s directed to
systems and methods that may be used to overcome signifi-
cant Doppler shift of the received optical signal. In some
embodiments, the Doppler shift-based problems may be
resolved using a locking and tracking system and related
methods. It may be understood that other effects may result
in an ofilset frequency 1n the received optical signal. In one
alternative aspect, the transmitting laser used to create the
received optical signal may be unstable or otherwise sufler
from frequency shift (such as from an inhomogeneity in the
lasing medium).

Refer now to the example embodiment of FIG. 1. FIG. 1
1s a graph 100 depicting the eflect ol Doppler shift on an
optical signal received by a satellite. One branch of the
graph illustrates a worst case Doppler shiit of a signal for a
satellite having a first orbital distance 105. A second branch
of the graph illustrates a worst case Doppler shift of a signal
for a satellite having a second orbital distance 110. In some
aspects, the first orbital distance may be greater than the
second orbital distance. It can be observed that the frequency
of the transmitting satellite 1s blue shifted (positive Doppler
shift) as the transmitting satellite approaches the receiving
satellite. Alternatively, the frequency of the transmitting
satellite 1s red shifted (negative Doppler shift) as the trans-
mitting satellite recedes away from the receiving satellite. As
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disclosed above, presently DSP algorithms may be capable
of correcting for minor Doppler shifts 115 1n the central
frequency of the recerved optical signal. However, Doppler
shifts outside of this frequency range may be outside the
capabilities of the DSP correction algorithms. Thus, alter-
native methods may be required to make such corrections.

Refer now to the example embodiment of FIG. 2. FIG. 2
1s a block diagram 200 of components and methods for
demodulating a received optical communication signal 205
from a transmitting communication satellite. The received
optical communication signal 205 may impinge on a coher-
ent optical receiver 210. The coherent optical recerver 210
may be characterized by a bandwidth. In some aspects, the
bandwidth of the coherent optical receiver 210 may be 10s
of GHz and may have a value ranging between about 10
GHz to about 100 GHz. In some alternative aspects, the
bandwidth of the coherent optical receiver 210 may exceed
100 GHz. The receirved optical communication signal 205
may represent an optical signal comprising a central fre-
quency that 1s frequency modulated by a channel comprising
communication data. In some non-limiting aspects, the
central frequency of the recerved optical communication
signal 205 may be within a frequency range characterizing
an optical telecom C band. In alternative aspects, the central
frequency of the recerved optical communication signal 205
may be within a frequency range characterizing an optical
telecom L band, an optical telecom O band, or any other
appropriate optical communication band. The received opti-
cal communication signal 205 1s demodulated by the coher-
ent optical receiver 210 based on the optical output 212 of
a receiver laser 235 that may be characterized by a first
frequency. In some non-limiting aspects, the first frequency
may be a spectral centroid frequency of the receiver laser
235.

The demodulated signal generated by the coherent optical
receiver 210 may be supplied to a trans-impedance amplifier
215. The trans-impedance amplifier 215 may generate an
amplifier output 217 representing the demodulated received
optical communication signal. The amplifier output 217 may
serve as an mput to a DSP algorithm 225. In some aspects,
the DSP algorithm 225 may be stored in one or more
memory units as instructions to be executed by a processor.
The processor may 1nclude a general processor or a proces-
sor specifically designed to execute the DSP algorithm 225.
In some aspects, the DSP algorithm 225 may calculate a
frequency spectrum of the amplifier output.

During signal demodulation, the recerved optical commu-
nication signal 205 1s demodulated by the optical output 212
of the recerver laser 235. If the spectral centroid frequency
of the optical output 212 1s identical to the central frequency
of the received optical communication signal, the received
optical communication signal 1s perfectly demodulated so
that the spectral centroid of the frequency spectrum of the
demodulated signal 1s at 0 Hz. The side-bands of the
frequency spectrum contain the communication data of the
received optical communication signal.

However, i1 the spectral centroid frequency of the optical
output 212 1s not i1dentical to the central frequency of the
received optical communication signal 205, the spectral
centroid of the frequency spectrum of the demodulated
signal 1s offset from about 0 Hz. 11 the offset 1s not large (see
115 at FIG. 1) the DSP algorithm 2235 can successiully
calculate the offset value, and the DSP algorithm 225 may be
used to adjust the frequency of the frequency spectrum
sidebands to recover the communication data. In the event
that the offset frequency 1s outside the range of the DSP
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algorithm 223, an alternative method, disclosed herein, may
be used to demodulate the received optical communication
signal 205.

In the alternative method, receiver laser 235 may be a
tunable receiver laser. A non-limiting example of the tunable
receiver laser includes an integrated tunable laser assembly
(ITLA). As a non-limiting example, the frequency range of
the tunable receiver laser 235 may extend across the entire
optical C band range, from about 196 THz to about 191 THz.
It 1s understood that the optical output 212 of the tunable
receiver laser 235 may extend across the entire bandwidth of
other optical communication bands, as disclosed above. In
some aspects, the tunable receiver laser 235 may have a fine
tuning range of about 5 GHz to about 10 GHz. In some
alternative aspects, the tunable receiver laser 235 may have
a coarse tuning range over the complete optical communi-
cation band range 1n a step-wise manner. The step size may
be chosen so that at least one stepped optical output 212 of
the tunable receiver laser 235 will result 1n a demodulated
output of the received optical communication signal 205 that
lies within the bandwidth of the coherent optical receiver
210. In one non-limiting aspect, the steps may be 1 about 50
(GHz increments although the step increments may have any
appropriate value based on the criterion above.

As previously disclosed, the received optical communi-
cation signal 205 may be demodulated by the receiver laser
235, 1n this instance the tunable receiver laser 235, at the
coherent optical receiver 210. The demodulated signal gen-
crated by the coherent optical receiver 210 may be supplied
to the trans-impedance amplifier 215. The trans-impedance
amplifier 215 may generate an amplifier output 217 repre-
senting the demodulated received optical communication
signal. In one example, the trans-impedance amplifier 215
may also include a power momtor 220. Alternatively, the
power monitor 220 may be a separate circuit from the
trans-impedance amplifier 215. The power monitor 220 may
receive the demodulated receiver optical communication
signal and determine a power level of the demodulated
receiver optical communication signal. In some non-limiting,
examples the power value may represent a root-mean-square
(RMS) power value of the demodulated receiver optical
communication signal. In the event that the spectral centroid
frequency of the optical output 212 of the tunable receiver
laser 235 1s close or equal to the central frequency of the
received optical communication signal 205, the demodu-
lated received optical communication signal may include
almost the full power of the frequency spectrum sidebands
of the received optical communication signal 205. However,
if the spectral centroid frequency of the optical output 212
of the receiver laser 235 1s not close to the central frequency,
the demodulated received optical commumication signal
may include a reduced power of the frequency spectrum
sidebands of the received optical communication signal.

The power level may be used to determine 11 the spectral
centroid frequency of the optical output 212 of the receiver
laser 235 1s close to or far from the central frequency of the
received optical communication signal based on a compari-
son to a threshold value. In some non-limiting aspects, the
threshold value may range between about 1% of the maxi-
mum signal power and about 10% of the maximum signal
power, depending on the sensitivity of the coherent optical
receiver 210 and the trans-impedance amplifier 215. It the
power level 1s greater than the threshold value, the demodu-
lated received optical communication signal may include
nearly the full power of the side-bands of the recerved
optical communication signal. The higher power level may
be consistent with the spectral centroid frequency of the
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optical output 212 of the receiver laser 235 being close to the
central frequency of the recerved optical communication
signal 205. In such a case, the oflset of the spectral centroid
frequency of the output 212 of the receiver laser 235 from
the central frequency of the received optical communication
signal may be sufliciently small so that the DSP algorithm
225 can successiully determine the frequency offset and
correct the frequency content of the side-bands. Thus, the
amplifier output 217 may be directed to the DSP algorithm
225 as disclose above, for processing the demodulated
received optical communication signal.

A DSP algorithm 225 may be used to determine the
frequency oflset between the spectral centroid frequency of
the receiver laser 235 and the central frequency. Additional
soltware may then be used to frequency-shiit the side-bands
of the demodulated signal to reconstruct the communication
data of the received optical communication signal. It may be
recognized that the accuracy of the reconstruction of the
communication data 1s dependent on the accuracy of a
determination the frequency oflset between the spectral
centroid frequency of the optical output 212 of the receiver
laser 235 and the central frequency of the received optical
communication signal. However, calculation errors, such a
computational truncation errors, may result in impertectly
reconstructed communication data. Therefore, 1t may be
usetul to tune the optical output 212 of the recerver laser 235
to more closely match the central frequency of the received
optical communication signal. In this manner, the recon-
struction of the communication data may be less dependent
on the accuracy of the DSP algorithm 225.

According to one aspect, the DSP calculated frequency
oflset between the spectral centroid frequency of the optical
output 212 of the recerver laser 235 and the central fre-
quency of the recerved optical communication signal may be
supplied 227 to a laser tracking system 230. In various
embodiments, the laser tracking system may be configured
to perform one or more tracking and locking functions
depending on a type of tracking control signal 1t receives
(such as the central frequency of the received optical com-
munication signal received from the DSP algorithm 225).
The laser tracking system 230 may then generate a tuning
signal 232 to control the spectral centroid frequency of the
receiver laser 235. In this manner, the spectral centroid
frequency of the optical output 212 of the receiver laser 235
may be adjusted to more closely match the central frequency
of the received optical communication signal 205.

In some embodiments, this feedback system thus allows
the tunable receiver laser 235 to track the central frequency
of the recerved optical communication signal 205. As the
spectral centroid frequency of the receiver laser 235
approaches the central frequency of the received optical
communication signal 205, the frequency oflset between the
spectral centroid frequency of the optical output 212 of the
receiver laser 235 and the central frequency of the received
optical communication signal 205 decreases until the spec-
tral centroid of the frequency spectrum of the demodulated
signal 1s approximately 0 Hz or within an acceptable pre-
determined offset value. In some non-limiting aspects, the
acceptable predetermined oflset value may range between
about 100 MHz and 1 GHz. The resulting side-bands may be
used to reconstruct the communication data of the recerved
optical communication signal without requiring any addi-
tional frequency shift calculations. In some non-limiting
examples, the adjustment of the spectral centroid frequency
of the receiver laser 235 may scan a fine tuning range of

about 5 GHz to about 10 GHz.
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Alternatively, 1t the power level 1s less than or equal to the
threshold value, the demodulated received optical commu-
nication signal may represent the lower power of the side-
band. This condition i1s consistent with the spectral centroid
frequency of the optical output 212 of the receiver laser 235
being far to the central frequency of the received optical
communication signal 2035. Under such conditions, the DSP
algorithm 225 may not be able to provide 227 a usetul signal
to the laser tracking system 230. Instead, the power level
from the power monitor 220 may be provided 222 to the
laser tracking system 230 as the tracking control signal.
Thus, the laser tracking system 230 may generate a tuning
signal 232 to control the spectral centroid frequency of the
optical output 212 of the receiver laser 235 based on the
power level from the power monitor 220. In this manner, the
spectral centroid frequency of the optical output 212 of the
receiver laser 235 may be adjusted to more closely match the
central frequency of the recerved optical communication
signal 205.

In some aspects, because the frequency oflset between the
spectral centroid frequency of the optical output 212 of the
receiver laser 235 and the central frequency 1s sufliciently
large, the adjustment of the spectral centroid frequency of
the optical output 212 of the receiver laser 235 may step-
wise scan over a coarse tuning range within the optical
communication band range. In some non-limiting aspects,
for example using a coherent optical receiver 210 having a
bandwidth of about 100 GHz or greater, the steps may be in
increments of about 50 GHz. This coarse tuning may con-
tinue until the spectral centroid frequency of the optical
output 212 of the receiver laser 235 1s sufliciently close to
the central frequency of the received optical communication
signal 205 so that the fine-tuming method, based on the DSP
algorithm 225 and disclosed above, may take over the laser
tuning process.

Once the spectral centroid frequency of the optical output
212 of the receiver laser 235 essentially matches the central
frequency of the recerved optical communication signal 205,
the system may maintain a frequency lock between the
spectral centroid frequency of the optical output 212 of the
receiver laser 235 and the central frequency of the received
optical communication signal 205, making necessary cor-
rections to the spectral centroid frequency of the optical
output 212 of the receiver laser 235 as necessary.

Refer now to the example embodiment of FIG. 3. FIG. 3
1s a block diagram 300 of components and a method to
generate a control signal of a scanning demodulation laser.
During the scanning operation of the tunable receiver laser
335, over the fine tuning range, the optical output 212 of the
tunable receiver laser 235 1s received by the coherent optical
receiver 210 along with the received optical communication
signal 205. The demodulated signal generated by the coher-
ent optical recerver may be supplied to a trans-impedance
amplifier 215, 315.

FIG. 3 turther depicts the operation of the DSP algorithm
during the fine tuning process. The amplifier output 217, 317
1s sourced to a controller 350. The controller 350 may
include an analog/digital converter 352 to convert the analog
amplifier output 317 into digital values representing the
analog amplifier output 217, 317. The digital output of the
analog-digital converter 352 may be used by the DSP
algorithm. The DSP algorithm may be embodied as software
instructions 1 a memory unit of the controller 350 for use
by a general processor, or as firmware instructions pre-
programmed 1n a specialized DSP processor. The memory
unit may also store the digital output until needed by the
DSP processor. In one aspect, the DSP algorithm may
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include a Fast Fourier transform algorithm 357 to calculate
the frequency spectrum of the amplifier output 317. The
DSP algorithm may then calculate the spectral centroid of
the frequency spectrum 362. The spectral centroid 362 may
include information regarding the oflset between the spectral
centroid frequency of the optical output 212 of the receiver
laser 235 and the central frequency of the received optical
communication signal 205. The offset may then be used by
the laser tracking system 230 to adjust 332 the optical output
of the tunable receiver laser 235. The controller 350 may
then continuously update the calculations of the spectral
centroid of the frequency spectrum 362 as the optical output
212 the tunable receiver laser 235 scans in frequency.

Refer now to the example embodiments of FIGS. 4A-4E.
FIGS. 4A-4E depict diagrams representing a shift 1in spectral
centroid frequency of a tunable demodulation laser 235 to
align with a central frequency of a received optical signal
205. FIG. 4A 1llustrates an initial condition of an envelope
of a receirved optical communication signal 410 having a
central frequency 415, and of the spectral centroid frequency
435a of the tunable receiver laser. The bandwidth of the
coherent optical recerve 430a 1s also depicted. The fre-
quency difference between the central frequency 415 and the
spectral centroid frequency 435aq 1s depicted relative to
frequency axis 405. It may be recognized that the received
optical communication signal 410 may vary over time 420
due to frequency changes related to a Doppler shift.

It may be observed that FIG. 4A illustrates an 1nitial
condition 1 which there 1s no frequency overlap between
the envelope of the received optical communication signal
410 and the bandwidth of the coherent optical receive 430aq.
As disclosed above, a power monitor value, based on the
power ol the received optical communication signal
demodulated by the demodulation (tunable) laser, will be
low when there 1s minimal overlap between the envelope of
410 and the bandwidth of the coherent optical receive 430aq.
Under this circumstance, the system and method disclosed
above will generate a laser tuning signal based on the power
of the demodulation signal from the power monitor. This
may result in the tunable receiver laser being adjusted
according to a coarse scanning process.

FIG. 4B illustrates the scanning of the spectral centroid
frequency 4356 of the tunable receiver laser during the
coarse scanning process. The laser tuning signal causes the

frequency of the spectral centroid frequency 4356 of the
tunable receiver laser to move 440 towards the central
frequency 415. However, the bandwidth of the coherent
optical recerver 4305 still has no overlap with the envelope
of the received optical communication signal 410.

This coarse tuning adjustment of the tunable laser output
may proceed 1n this manner until the condition depicted in
FIG. 4C 1s obtained. FIG. 4C 1illustrates the condition 1n
which a portion of the bandwidth of the coherent optical
receiver 430c overlaps 450 the envelope of the received
optical communication signal 410. At this point, demodu-
lation of the envelope of the received optical communication
signal 410 may result in a power level greater than the
threshold at the power monitor. Although the spectral cen-
troid frequency 435¢ of the tunable receiver laser 1s still not
equal to the central frequency 4135 of the receirved optical
communication signal, the DSP algorithm may now suc-
cessiully calculate a frequency oflset between the spectral
centroid frequency 435¢ of the tunable receiver laser and the
central frequency 413. The calculated frequency oflset may
then be used as the tracking control signal provided to the
laser tracking system to further adjust the spectral centroid
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frequency 435c¢ of the tunable receiver laser. Under this
condition, the tunable receiver laser may scan according to
the fine scanning method.

FIG. 4D illustrates the next step of the fine scanning
method 1n which the entire envelope of the received optical
communication signal 410 1s included within the bandwidth
ol the coherent optical recerver 4304. However, at this point,
the central frequency 413 of the received optical communi-
cation signal and the spectral centroid frequency 4354 of the
tunable receiver laser are still not coincident.

FIG. 4E illustrates a final frequency lock between the
received optical communication signal and the output of the
tunable receiver laser, 1n which the entire envelope of the
received optical communication signal 410 i1s included
within the bandwidth of the coherent optical receiver 430e,
and the central frequency 415 of the recerved optical com-
munication signal and the spectral centroid frequency 435¢
of the tunable receiver laser are coincident. At this point,
variations 1n the central frequency 415 of the received
optical communication signal can be readily tracked by the
laser tracking system essentially 1n real time. In one non-
limiting aspect, the spectral centroid frequency 4335e of the
tunable recerver laser may be kept within a predetermined
range of the central frequency 415 of the received optical
communication signal. In one non-limiting example, the
predetermined range may be between about +/-2 HGz and
about +/-10 GHZ—depending on the capability of the DSP
hardware platiorm—of the central frequency 415 of the
received optical communication signal.

Having thus described several aspects and embodiments
of the technology of this application, 1t 1s to be appreciated
that various alterations, modifications, and 1mprovements
will readily occur to those of ordinary skill 1n the art. Such
alterations, modifications, and improvements are intended to
be within the spirit and scope of the technology described in
the application. It 1s, therefore, to be understood that the
foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, inventive embodiments may be prac-
ticed otherwise than as specifically described. In addition,
any combination of two or more features, systems, articles,
materials, and/or methods described herein, 1f such features,
systems, articles, materials, and/or methods are not mutually
inconsistent, 1s included within the scope of the present
disclosure.

In most embodiments, a processor may be a physical or
virtual processor. In other embodiments, a virtual processor
may be spread across one or more portions of one or more
physical processors. In certain embodiments, one or more of
the embodiments described herein may be embodied in
hardware such as a Digital Signal Processor (DSP). In
certain embodiments, one or more of the embodiments
herein may be executed on a DSP. One or more of the
embodiments herein may be programmed into a DSP. In
some embodiments, a DSP may have one or more processors
and one or more memories. In certain embodiments, a DSP
may have one or more computer readable storages. In many
embodiments, a DSP may be a custom designed ASIC chip.
In other embodiments, one or more of the embodiments
stored on a computer readable medium may be loaded 1nto
a processor and executed.

Also, as described, some aspects may be embodied as one
or more methods. The acts performed as part of the method
may be ordered in any suitable way. Accordingly, embodi-
ments may be constructed in which acts are performed 1n an
order different than illustrated, which may include perform-
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ing some acts simultaneously, even though shown as sequen-
tial acts 1n 1llustrative embodiments.

The phrase “and/or,” as used herein 1n the specification
and 1n the claims, should be understood to mean “either or
both” of the elements so conjoined, 1.e., elements that are
conjunctively present 1n some cases and disjunctively pres-
ent 1n other cases.

As used herein 1n the specification and 1n the claims, the
phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
clements, but not necessarily including at least one of each
and every element specifically listed within the list of
clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically identified.

The terms “approximately” and “about” may be used to
mean within +20% of a target value in some embodiments,
within +10% of a target value in some embodiments, within
+5% of a target value in some embodiments, and yet within
+2% of a target value in some embodiments. The terms
“approximately” and “about” may include the target value.

In the claims, as well as 1n the specification above, all
transitional phrases such as “comprising,” “mncluding,” “car-
rying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, 1.¢., to mean 1ncluding but not limited to. The
transitional phrases “consisting of” and “‘consisting essen-
tially of” shall be closed or semi-closed transitional phrases,
respectively.

Where a range or list of values 1s provided, each inter-
vening value between the upper and lower limits of that
range or list of values 1s individually contemplated and 1s
encompassed within the disclosure as 1f each value were
specifically enumerated herein. In addition, smaller ranges
between and including the upper and lower limits of a given
range are contemplated and encompassed within the disclo-
sure. The listing of exemplary values or ranges 1s not a
disclaimer of other values or ranges between and including
the upper and lower limits of a given range.

The use of headings and sections in the application 1s not
meant to limit the disclosure; each section can apply to any
aspect, embodiment, or feature of the disclosure. Only those
claims which use the words “means for” are mtended to be
interpreted under 35 USC 112, sixth paragraph. Absent a
recital of “means for” i1n the claims, such claims should not
be construed under 35 USC 112. Limitations from the
specification are not intended to be read into any claims,
unless such limitations are expressly mncluded 1n the claims.

Embodiments disclosed heremn may be embodied as a
system, method or computer program product. Accordingly,
embodiments may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident software, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module,” or
“system.” Furthermore, embodiments may take the form of
a computer program product embodied 1n one or more
computer readable medium(s) having computer readable
program code embodied thereon.

What 1s claimed 1s:

1. A system for compensating a frequency shift of an
optical communication signal, the system comprising:

a tunable receiver laser;
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a coherent optical receiver, configured to receive the
optical communication signal, wherein the coherent
optical recerver 1s configured to demodulate the optical
communication signal based on an optical output of the

12

optical output, wherein the frequency shiit of the
received optical communication signal 1s a Doppler
shift.

8. A system for compensating a frequency shift of an

tunable receiver laser; > optical communication signal, the system comprising:

a trans-impedance amplifier configured to receive a
demodulated signal from the coherent optical receiver
and to generate an amplifier output, wherein the trans-
impedance amplifier further comprises a power moni-

tor configured to generate a power level based on the
demodulated signal;

a laser tracking system, configured to generate a laser

tuning signal configured to adjust the optical output of
the tunable receiver laser, wherein the laser tracking

system 1s configured to generate the laser tuning signal

when a value of the power level 1s less than or equal to
a threshold; and

a controller comprising a processor and a memory unit,
wherein the memory unit comprises instructions that, 2¢
when executed by the controller, cause the controller
to:
receive the amplifier output;
calculate a frequency spectrum of the amplifier output;
and 25
determine an offset of a frequency of the optical com-
munication signal from a first frequency of the
optical output.

2. The system of claim 1, wherein the optical communi-
cation signal 1s transmitted from a communication satellite. 30
3. The system of claim 1, wherein the tuning signal 1s

configured to adjust the optical output 1n a step-wise manner.

4. The system of claim 1, wherein the laser tracking
system 1s configured to generate the laser tuning signal
based on a spectral centroid of the frequency spectrum of the 35
amplifier output when a value of the power level 1s greater
than a threshold.

5. The system of claim 4, wherein the tuning signal 1s
configured to adjust the optical output within a range of
about 5 GHz to about 10 GHz. 40

6. The system of claim 1, wherein the memory unit further
comprises nstructions that, when executed by the controller,
cause the controller to calculate the frequency spectrum of
the amplifier output based on a Fast Fourier Transform
algorithm. 45

7. A system for compensating a frequency shift of an
optical commumnication signal, the system comprising:

a tunable receiver laser;

a coherent optical recerver, configured to receive the
optical communication signal, wherein the coherent 50
optical recerver 1s configured to demodulate the optical
communication signal based on an optical output of the
tunable receiver laser;

a trans-impedance amplifier configured to receive a
demodulated signal from the coherent optical receiver 55
and to generate an amplifier output;

a laser tracking system, configured to generate a laser
tuning signal configured to adjust the optical output of
the tunable receiver laser; and

a controller comprising a processor and a memory unit, 60
wherein the memory unit comprises instructions that,

when executed by the controller, cause the controller
to:

receive the amplifier output;

calculate a frequency spectrum of the amplifier output; 65
and determine an offset of a frequency of the optical
communication signal from a first frequency of the
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a tunable receiver laser;

a coherent optical receiver, configured to receive the
optical communication signal, wherein the coherent
optical recerver 1s configured to demodulate the optical
communication signal based on an optical output of the
tunable receiver laser;

a trans-impedance amplifier configured to receive a
demodulated signal from the coherent optical receiver
and to generate an amplifier output;

a laser tracking system, configured to generate a laser
tuning signal configured to adjust the optical output of
the tunable receiver laser; and

a controller comprising a processor and a memory unit,
wherein the memory unit comprises instructions that,
when executed by the controller, cause the controller

to:

receive the amplifier output;

calculate a frequency spectrum of the amplifier output;
and determine an offset of a frequency of the optical
communication signal from a first frequency of the
optical output, wherein the first frequency of the
tunable receiver laser 1s a spectral centroid {ire-
quency.

9. A method for compensating a frequency shift of a

received optical communication signal, the method com-
prising:

receving, by a coherent optical receiver, the optical
communication signal;

demodulating, by the coherent optical recerver, the optical
communication signal based on an optical output of a
tunable receiver laser, thereby generating a demodu-
lated signal;

generating, by a power monitor, a power level based on
the demodulated signal;

generating, by a trans-impedance amplifier, an amplifier
output based on the demodulated signal from the coher-
ent optical receiver;

generating, by a laser tracking system, a laser tuning
signal, wherein generating the laser tuning signal com-
prises generating the laser tuning signal based on when
a value of the power level 1s less than or equal to a
threshold;

adjusting, by the laser tracking system, the optical output
based on the laser tuning signal;

recerving, by a controller, the amplifier output;

calculating, by the controller, a frequency spectrum of the
amplifier output; and

determiming, by the controller, an ofiset of a frequency of
the optical communication signal from a first frequency
of the tunable receiver laser.

10. The method of claim 9, further comprising adjusting,

"y

by the laser tracking system, the optical output over a range
of an optical communication band.

11. The method of claim 10, wherein adjusting the optical

output over a range ol an optical communication band
comprises adjusting the optical output over a range of an
optical communication C band, an optical communication O
band, or an optical communication L band.

12. The method of claim 9, wherein adjusting, by the laser

tracking system, the optical output, comprises adjusting the
optical output in a step-wise manner.
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13. The method of claim 9, wherein generating the laser
tuning signal comprises generating a laser tuming signal
based on a spectral centroid of the frequency spectrum of the
amplifier output when a value of the power level 1s greater

than a threshold.

14. The method of claim 13, wherein adjusting the first
frequency of the tunable receiver laser, comprises adjusting
the optical output within a range of about 5 GHz to about 10

GHz.
15. The method of claim 9, further comprising calculat-

ing, by the controller, the frequency spectrum of the ampli-
fier output based on a Fast Fourier Transform algorithm.
16. A method for compensating a frequency shiit of a
received optical communication signal, the method com-
prising;:
receiving, by a coherent optical receiver, the optical
communication signal;
demodulating, by the coherent optical recerver, the optical
communication signal based on an optical output of a
tunable receiver laser, thereby generating a demodu-
lated signal;
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generating, by a trans-impedance amplifier, an amplifier
output based on the demodulated signal from the coher-
ent optical recerver;

generating, by a laser tracking system, a laser tuning
signal;

adjusting, by the laser tracking system, the optical output
based on the laser tuning signal;

recerving, by a controller, the amplifier output;

calculating, by the controller, a frequency spectrum of the

amplifier output; determining, by the controller, an
offset of a frequency of the optical communication
signal from a first frequency of the tunable receiver

laser; and

maintaining, by the laser tracking system, the first fre-
quency of the tunable receiver laser at a predetermined
value when a spectral centroid of the frequency spec-
trum of the amplifier output 1s within a predetermined
range.
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